ABSTRACT: The zooxanthellate hydrocoral Millepora dichotoma is an important framework builder of shallow reefs in the Gulf of Aqaba (Red Sea). In this study, we document and characterize the emergence of multifocal bleaching (MFB), a new syndrome in M. dichotoma. MFB is characterized by bleached spots scattered over the colony. The establishment of MFB in M. dichotoma at the study site was surprisingly rapid. We first noticed this phenomenon and assessed its prevalence in February 2010, and re-assessed it 1 yr later, in February 2011. The prevalence of MFB along the reef crest at a depth of 0.5 m is extremely high (63 and 67% in 2010 and 2011, respectively), significantly higher than along the fore-reef at a depth of 2.5 m (16 and 31% in 2010 and 2011, respectively). Spatial analyses were used to characterize the distribution of MFB across 2 spatial scales on the reef: among-transects scale (< 800 m) and within-transect scale (< 60 m). The results clearly show that the affected hydrocorals are aggregated over these 2 scales. While several factors may contribute to the observed pattern, the aggregated spatial distribution of the affected hydrocorals suggests that local and inter-colonial transmission play a significant role in the spread of MFB.
INTRODUCTION
Coral bleaching and infectious diseases have emerged worldwide as dominant drivers of reef coral population decline . During the past few decades, bleaching and disease outbreaks have not only resulted in coral loss and severe decline in coral cover, but have also caused significant changes in coral community structure and reef-associated organisms (Hughes 1994 , Aronson & Precht 2001 , Loya et al. 2001 , Porter et al. 2001 , Sutherland et al. 2004 , van Woesik et al. 2011 . Until recently, the intensively monitored coral reef of Eilat (northern tip of the Gulf of Aqaba, Red Sea) had been relatively free of bleaching and signs of coral diseases (Barash et al. 2005) . However, in the past decade some of these diseases, including black-band disease (e.g. Zvuloni et al. 2009 ) and white-plaguelike disease (e.g. Barash et al. 2005) , have appeared in the Gulf. The Eilat coral reef, where most of the present research was conducted, is an intensively studied reef. Scien tists from the adjacent Interuniversity Institute for Marine Sciences continuously use this reef for, among other things, study of various aspects of coral and reef ecology (e.g. Loya & Slobodkin 1971 , Loya 1972 , Riegl & Piller 1999 , Glassom et al. 2004 , Abelson et al. 2005 , Zvuloni et al. 2008a ,b,c, 2009 The zooxanthellate hydrocoral Millepora dicho toma is an important framework contributor to shallow reefs in the Gulf of Aqaba, forming a distinct 'Millepora zone' at a depth of 0.2 to 3 m (Loya & Slobodkin 1971) . In this study, we report an unusual bleaching pattern, consisting of numerous scattered bleached spots (see Fig. 1 ). This phenomenon was observed for the first time in February 2010 on M. dichotoma populations along the Gulf. We found affected hydrocorals at reefs as far apart as the Jordanian and Israeli coasts, at the northern tip of the Gulf, and the Straits of Tiran (Egypt) at its southern end, some 170 km away. Following the framework provided by Work & Aeby (2006) to systematically describe and name diseases in corals (see 'Materials and methods') and the 'Underwater cards for assessing coral health on IndoPacific reefs' (Beeden et al. 2008) , we termed this unusual bleaching, in which the bleached tissue and zooids within the spots are often visible (see Fig. 1d ), 'multifocal bleaching' (MFB). In other locations around the world, similar focal bleaching has been reported, affecting the scleractinian corals Porites, Montipora and Acropora (Beeden et al. 2008) . Work & Abey (2006) reported ca. 1 to 3 mm multifocal tissue-loss in Millepora sp. In this study, we report for the first time on the emergence of MFB in Millepora. We provide (1) a qualitative description of the appearance of MFB on M. dichotoma, (2) a quantitative assessment of the prevalence of MFB in populations along the reefs at the Coral Nature Reserve in Eilat (Israel), and (3) a characterization of the spatial distribution of MFB.
MATERIALS AND METHODS

Qualitative characterization of multifocal bleaching on Millepora dichotoma
We employed the framework provided by Work & Aeby (2006) to systematically describe the observed MFB and to use an appropriate terminology. Using this framework, we provide information on the distribution of the bleached spots on the colony, their edges, margins, shapes, color and size.
Both at the field and at the laboratory, we searched for potential organisms that may cause the observed MFB. Specifically, we were searching for a transparent organism, such as a flatworm or a ciliate, which theoretically may leave its 'footprints' on the hydrocoral. A total of 14 daytime dives between February 2010 and April 2011 and 2 night-time dives in April 2010 were performed in order to search for such an organism. We used a magnifying glass, and at nighttime we also used a dive torch. In addition, 10 ca. 10 × 10 cm fragments of the hydrocoral affected by MFB were collected from the reef and observed in the laboratory under a magnifying glass, a stereomicroscope (Nikon SMZ-1000) and a light microscope (Nikon E-200).
Reef surveys
Reef surveys were conducted at the Coral Nature Reserve in Eilat (from 29°30' 36.62'' N, 34°55' 25.33'' E to 29°30' 14.16'' N, 34°55' 8.56 '' E), immediately following the discovery of MFB in the region in February 2010 and again 1 yr later in February 2011. In both surveys, twelve 60 × 1 m belt-transects were randomly placed at 6 stations along the ca. 800 m long studied reef. At each station, 1 transect was placed on the reef crest at a depth of ca. 0.5 m and another on the forereef at a depth of ca. 2.5 m. All colonies of M. dichotoma, the only species of hydrocoral observed within the belt transects, were counted. Colonies were classified as affected by MFB only if they revealed the typical signs of several bleached spots scattered over the colony (see Fig. 1 ). The beginning and end points of each transect were marked with an electric wire tied to the reef, enabling later transects placed on the reef to be situated over approximately the same areas. In February 2011, in addition to the sampling scheme described above, the location of hydro corals along 2 of the 12 transects, 1 on the reef crest and 1 on the fore-reef, were recorded. This additional information was then used to assess the spatial pattern of affected hydrocorals within the transect-scale.
In order to describe the development of the bleached spots in affected colonies, 7 affected hydrocorals within the study site were tagged and photo graphed in March 2010. They were revisited and photographed again ca. 2 wk later, and thereafter in September 2010 and April 2011.
Prevalence and spatial pattern of multifocal bleaching
The prevalence of MFB (i.e. percentage of hydrocorals affected by MFB) was calculated for each transect. To satisfy statistical requirements, an arcsine transformation was performed and the data were tested for normality (Kolmogorov-Smirnov test) and homogeneity of variances (Levene's test). A 2-factor analysis of variance (ANOVA), followed by Tukey's post hoc test, was conducted in Statistica 8 ® to test the effects of depth and year on the prevalence of MFB.
We employed spatial statistics to characterize the spatial distribution of hydrocorals affected by MFB across 2 spatial scales: (1) among-transects scale (< 800 m), in which we examined whether affected hydrocorals tend to emerge more in certain transects than in others; and (2) within-transect scale (< 60 m), in which we examined whether inter-colonial transmission of MFB forms aggregates of affected hydrocorals within the transect.
For the among-transects examination, n i is the number of hydrocorals and m i is the number of affected hydrocorals within transect i. Thus, the prevalence in percentages of MFB within this transect is given by:
The variance of the prevalence values Var (P) for a set of 6 transects that was sampled at a specific depth (0.5 or 2.5 m), during a specific year (2010 or 2011), was employed as a statistic. If the observed Var (P) is found to be significantly greater than would be expected had the affected hydrocorals emerged randomly (i.e. independent of their spatial location), we can conclude that affected hydrocorals tend to emerge more in certain transects than in others. That is, local transmission plays a role in the spread of MFB among transects. To test this hypothesis, we used a randomization test in which we generated 1000 realizations. In each realization the number of hydrocorals found within each transect (n i ) and the total number of affected hydrocorals in a set of the 6 transects ( 6 Σ i =1 m i ) were held fixed. Following these constraints, we shuffled all the affected and unaffected hydrocorals within the tested set of 6 transects and calculated P i for each transect according to Eq. (1). Var (P) was then calculated for each realization and the distribution of the 1000 values of Var (P) was considered to be a null distribution, against which the observed Var (P) value could be tested. We used 2-tailed tests with significance levels of 1 and 5%, to determine whether the observed Var (P) was significantly different from the null expectation.
In the second case, in which we examined whether affected hydrocorals are spatially aggregated within transects, we used the nearest-neighbor method combined with a null hypothesis approach. If min(d j ) is the distance along the transect between affected hydrocoral j and its affected nearest-neighbor hydrocoral, then the average of min(d j ) for a transect with m affected hydrocorals is given by:
If the observed η is found to be significantly smaller than would be expected, had MFB appeared randomly along the transect, we can conclude that affected hydrocorals are aggregated within the transect, possibly because inter-colonial transmission plays a role in the spread of MFB within the tested transect. To test this hypothesis we generated 1000 realizations, where in each realization m affected hydrocorals were randomly selected from the pool of all n hydrocorals within the transect. η was then calculated for each realization according to Eq. (2), and the distribution of the 1000 values of η was considered to be a null distribution, against which the observed η value could be tested.
RESULTS
Qualitative characterization of multifocal bleaching on Millepora dichotoma
Two species of millepores only, Millepora dicho toma and M. platyphylla, were observed to be affected by MFB (Fig. 1) . Because M. platyphylla is relatively rare in the study site, colonies of this species were not found within the sampled areas. Affected hydrocorals display numerous bleached spots scattered over both shaded and non-shaded surfaces of the colony (Fig. 1a-c) . Following Work & Aeby (2006) , the distribution of the bleached spots over the surface of the colony is described as 'multifocal'. In some cases, the number of the bleached spots is so high that neighboring bleached spots are coalesced and form a large bleached area (Fig. 1b) . The bleached spots are commonly similar in shape and size, both within and among colonies, consisting of transparent tissue with distinct circular-edges and smooth margins, ca. 1 cm in diameter (Fig. 1c) . The bleached tissue and zooids are often visible to the naked eye (Fig. 1d) . The zooxanthellate algae within the bleached spots were not quantified; however, the discoloration of the tissue there suggests that it exhibits a very low density of algae or chlorophyll compared with the non-bleached tissue (Fig. 1e) . The hydrocoral skeleton is not eroded and colonies that were tracked for more than 1 yr did not exhibit mortality due to MFB. Thus, the bleached spots are not colonized by algae or any other organisms. In addition, within this time frame affected colonies did not show signs of recovery. Using a magnifying glass, a binocular and light microscopy, we did not observe any organisms (e.g. ciliates, flatworms) which might have caused the observed MFB. Accumulation and development η (Fig. 2) until reaching a high density. Within many of the bleached spots there is a small area of non-bleached tissue near the edge (Fig. 1c) . The overall impression is of a 'footprint', perhaps of an organism that attached itself to the coral. However, apart from feather-stars, which were not observed in abundance on hydrocorals and, based on their grasp, were unlikely to have caused the observed marks, no candidate organisms were identi- fied at the studied site, during daytime or night-time.
Nor were any such organisms identified in the laboratory on fragments of the hydrocorals.
Impact and spatial pattern of multifocal bleaching in the study site
Within the twelve 60 m 2 transects (720 m 2 in total), 282 out of 576 hydrocorals (49%) in 2010 and 316 out of 547 hydrocorals (57.8%) in 2011 were found to be affected by MFB. A 2-factor ANOVA test reveals the prevalence of MFB to be significantly higher at 0.5 m than at 2.5 m depth (Fig 3; p < 0.001 for both years). Significant differences in prevalence between 2010 and 2011 were not found at either depth.
We tested the spatial distribution of MFB across 2 spatial scales: among-transects and within-transect. In both cases, the hypothesis was rejected that hydrocorals affected by MFB emerge randomly, that is, independently of the spatial location of other affected hydrocorals (Fig. 4) . At the among-transects scale, the observed Var (P) was greater than the null expectation at a significance level of <1% in all cases except in 2010 at a depth of 2.5 m, where the significance level was between 1 and 5% (Fig 4a) . At the within−transect scale, the observed η was smaller than the expected η at both depths. At 2.5 m the significance level was <1%, and at 0.5 m it was between 1 and 5%.
DISCUSSION
The present study reports for the first time the emergence of multifocal bleaching, an unusual bleaching pattern, on the hydrocoral Millepora di chotoma in the Gulf of Aqaba, Red Sea. The prevalence of MFB is extremely high, especially at a depth of 0.5 m, where it reached ca. 63 and 67% in 2010 and 2011, respectively (Fig 3, supplementary video at www. int-res. com/ articles/ suppl/ m441 p025_ supp/). This is much higher than the prevalence of any other coral disease recorded in the region. For example, the prevalence of black-band disease is < 0.9% (Zvuloni et al. 2009 ) and that of white-plague-like disease is ca. 10% (Barash et al. 2005) . The establishment of MFB at the study site was surprisingly rapid. Although the study site is visited frequently, at least once a month, by A.Z. and almost daily by numerous other researchers, including the co-authors, MFB had never been noticed prior to February 2010, at which time the prevalence was already as high as ca. 63%. Despite the high prevalence of MFB found at the study site, the affected hydrocorals that have been tracked now for more than 1 yr do not, as yet, exhibit mortality due to MFB. They show a high and stable number of bleached spots scattered over the surface of the colonies that are not colonized by algae or other organisms. However, as the zooxanthellae are known to provide a significant portion of the daily energetic requirements of the host via translocation of their photosynthates (Muscatine et al. 1984 , Davies 1991 , it is reasonable to assume that the loss of zooxanthellae in hydrocorals affected by MFB restricts their nutritional acquisition. Indeed, previous studies have suggested that bleaching in corals often results in reduced tissue lipid and protein content (e.g. Fitt et al. 1993 , Jones & Berkelmans 2011 , reduced calcification and growth (e.g. Suzuki et al. 2003 , Jones & Berkelmans 2010 , increased susceptibility to disease (e.g. Harvell et al. 1999) , decreased reproductive capacity (reviewed by Coles & Brown 2003 , Jones & Berkelmans 2011 , and increased mortality (e.g. Glynn 1996 , Loya et al. 2001 ). Other studies, in contrast, have found that certain coral species are less susceptible to bleaching and are able to survive and even recover from this phenomenon (Brown & Suharsono 1990 , Jokiel & Coles 1990 , Marshall & Baird 2000 , Jokiel & Brown 2004 , Armoza-Zvuloni et al. 2011 . Grottoli et al. (2006) , for example, showed that the Hawaiian coral Montipora capitata overcomes bleaching by changing its feeding strategy.
The mechanisms of the observed MFB, its etiology and mode of transmission are unknown. However, the results of the spatial analyses clearly demonstrate that affected hydrocorals tend to aggregate over the 2 spatial scales that were tested (i.e. among-transects and within-transect). A reasonable explanation for the observed aggregations of affected hydrocorals is that MFB is a syndrome caused by an infectious disease, in which local and inter-colonial transmissions play a significant role in its spread. Transmission mechanisms that form spatial aggregations of infected individuals may involve waterborne transmission by suspended pathogens or infectious material originating from affected individuals (as in blackband disease; see Zvuloni et al. 2009 ) and/or vectormediated transmission of a pathogen or infectious material (e.g. the fire worm Hermodice carunculata, a vector for the coral-bleaching pathogen Vibrio shiloi; see Sussman et al. 2003) . In addition, direct contact can also contribute to the aggregation of symptomatic individuals, as unaffected individuals become infected by the direct transfer of pathogens from individuals that they are in physical contact with (e.g. aspergillosis; see Jolles et al. 2002) .
Pattern analysis alone does not usually suffice to determine the pattern-generating processes, and in the absence of microbiological data we cannot explicitly state that MFB is a syndrome caused by an infectious disease. Although less likely, factors other than infection mechanisms could also contribute to the observed spatial patterns. For example, the aggregation of affected hydrocorals might be the outcome of spatial variation in marine microhabitat quality (e.g. variation in the hydrographic features of the microhabitat). Thus, if the observed MFB is caused by an abiotic stressor, hydrocorals that grow under poor conditions might be more affected by this stressor than those growing under better conditions. As an example, the observed MFB could be the outcome of UV-induced DNA damage (e.g. non-random somatic mutation), that tends to occur more frequently at certain locations on the reef with relatively high UV radiation. However, the surveyed transects were relatively uniform with respect to reef-structure, depth (and therefore UV radiation), bathymetry and flow direction. Another possibility is that spatial genetic differences in resistance to MFB could lead to aggre gation of affected individuals. While hydrocorals are not known to form clonal propagules or recruit philopatrically, we cannot exclude the possibility that fragments broken from the same hydrocoral attach to the reef close to one another and form genetically identical aggregates with similar resistance to MFB.
SUMMARY
In this study, we have documented and characterized for the first time the emergence of MFB, a new syndrome in Millepora. We observed MFB along the Gulf of Aqaba at locations some 170 km apart (at its northern and southern ends) and focused our analyses on the coral reef at the Coral Nature Reserve in Eilat. The MFB syndrome reported here was observed to affect only hydrocorals. However, it is important to note that hydrocorals are important contributors to the reefs along the entire Gulf of Aqaba (Loya & Slobodkin 1971) . Thus, damage to the 'Millepora zone' may impact many associated species of fishes and invertebrates that inhabit this zone. The spatial characterization of affected hydrocorals suggests that local and inter-colonial transmission play a role in the spread of MFB. However, the mechanisms of MFB in M. dichotoma, its etiology and mode of transmission await further investigations, where micro biological research will be essential to determine whether a pathogen is involved in the appearance of bleached spots on the hydrocorals. Continued monitoring may assist in unraveling some of the remaining questions, such as the possible seasonal pattern of multifocal bleaching, and its long-term impact on affected colonies and on the reef as a whole. 
